ABSTRACT 24
Indigenous microbial communities ultimately control the fate of petroleum hydrocarbons (PHCs) 26 that enters the natural environment through natural seeps or accidental oil spills, but the 27 interactions among microbes and with their chemical environment during oil biodegradation are 28 highly complex and poorly understood. Genome-resolved metagenomics have the potential to 29 help in unraveling these complex interactions. However, the lack of a comprehensive database 30 that integrates existing genomic/metagenomic data from oiled environments with 31 physicochemical parameters known to regulate the fate of PHCs currently limits data analysis 32 and interpretations. Here, we present a curated, comprehensive, and searchable database that 33 documents microbial populations in oiled ecosystems on a global scale, along with underlying 34 physicochemical data, geocoded via GIS to reveal geographic distribution patterns of the 35 populations. Analysis of the ~2,000 metagenome-assembled genomes (MAGs) available in the 36 database revealed strong ecological niche specialization within habitats e.g., specialization to 37 coastal sediments vs. water-column vs. deep-sea sediments. Over 95% of the recovered MAGs 38 represented novel and uncultured species underscoring the limited representation of cultured 39 organisms from oil-contaminated and oil reservoir ecosystems. The majority of MAGs linked to 40 oiled ecosystems are members of the rare biosphere in non-oiled samples, except for the Gulf of 41 Mexico (GoM) which appears to be primed for oil biodegradation. GROS should facilitate future 42 work toward a more predictive understanding of the microbial taxa and their activities that 43 control the fate of oil spills as well as serve as a model approach for building similar resources 44 for additional environmental processes and omic data of interest. 45
MAIN 47 48
Oil spills have pronounced impacts on natural ecosystems and the microbial community 49 dynamics following such spills have only recently been documented, as best exemplified by the 50 Deepwater Horizon (DWH) discharge in the GoM, the largest accidental marine oil spill in 51 history. Biodegradation mediated by a complex network of microorganisms is the ultimate fate 52 of the majority of petroleum hydrocarbons (PHCs) that enter the natural environment from 53 accidental discharges [1] [2] [3] [4] . The microbial interactions that ultimately dictate the fate of oil are 54 nonetheless highly complex and remain poorly understood 5 . Reconstruction of metagenome-55 assembled population genomes (MAGs) from metagenomic data 6, 7 enables the recovery of the 56 functional potential of microbial consortia that are associated with critical ecosystem processes 57 such as carbon cycling 8, 9 . Consequently, this approach can help to anchor microbial genomes to 58 their biogeochemical functions and ecological niches, and thus advance understanding of the 59 complex interactions that dictate the ecosystem functions facilitated by microorganisms. Public 60 repositories host a plethora of sequence data from a diverse array of oiled environments, 61 especially raw-reads or assembled MAGs. However, lack of environmental context in the form 62 of in-situ physicochemical data that can be easily searched has severely hampered the usefulness 63 and interpretations of the omics data. For instance, a multitude of spatio-temporal "omics" data 64 following the DWH oil spill in the GoM, the first major oil spill for which a lot of omics datasets 65 became available and revealed a short-term decrease in microbial community diversity 66 accompanied by an increase in the functional repertoire 10 . Moreover, specific taxon succession 67 patterns were observed across spatial and temporal scales, which in turn, paralleled the chemical 68 evolution of PHCs 10-12 . However, the universal applicability of these patterns and the impacts of 69 oil on ecosystem functions as well as the identification of "bioindicator" taxa require further 70 study for use in emergency response efforts. 71 72 Specifically, the dynamics of key members of the rare biosphere across the range of 73 environmental parameters observed in oiled marine ecosystems or habitats (e.g., coastal 74 sediments vs. water-column vs. deep-sea sediments) at a global scale requires confirmation with 75 more robust datasets. Such information could validate, for example, universal biomarker taxa 76 and/or genes as indicators for the different stages of oil biodegradation (e.g., taxa that are 77 dominant at early, mid vs. late stages) and thus, help in monitoring the fate of the spills and 78 subsequent ecosystem recovery. Currently, no resource exists to taxonomically classify and 79 provide biogeographic distribution and in-situ physicochemical or environmental context for a 80
given MAG to enable these lines of research. The availability of associated in-situ 81 physicochemical data could also help to disentangle the complex interactions that govern 82 microbial community structuring and functioning post disturbance as well as to aid in 83 culture/isolate novel keystone taxa. For instance, our own recent efforts recovered the genome of 84 a population that strongly responded to oil contamination in GoM beach sands that was 85 subsequently shown to comprise 20-30% of the total microbial community in oiled coastal 86 sediments worldwide, and guided the isolation of a representative strain, Ca. Macondimonas 87 diazotrophica (Karthikeyan et al., 2019) . Ca. M. diazotrophica was demonstrated to mediate 88 nitrogen fixation along with hydrocarbon degradation, a combination of traits that likely provide 89 an important ecological advantage in oiled environments that are often nutrient-limited 13 . 90
In the present study, we curated the " Genome Repository of Oiled Systems" 92 ("GROS"), a comprehensive MAG and single-amplified genome (SAG) reference database that 93 is provided as an independent and searchable project through the Microbial Genomes Atlas 94 webserver (MiGA) 14 . Since the DWH discharge represents the first major oil spill occurring 95 after the development of next generation sequencing technologies, GROS is currently dominated 96 by DWH data as well as MAGs binned from publicly available data from other oil-impacted 97 environments, such as natural oil seeps and lab incubation or enrichment studies designed to 98 mimic oil spills under near in situ conditions (Suppl . Table) . The interactive graphical interface 99 allows for browsing the MAGs/SAGs/isolate genomes in the GROS project and their associated 100 metadata. GROS also enables users to query their isolate or MAG genome sequence (partial or 101 complete) against its reference MAGs and SAGs to identify if the queried genome represents a 102 new taxon (species) or is another member of taxa that is already represented among the reference 103
MAGs. For query genomes of the same species as a reference MAG, the GROS project can be 104 used to assess the global biogeographical distribution of the reference MAG on an interactive 105 map and obtain information about the habitats/samples where the latter has been recovered and 106 its relative abundance within these samples (when a corresponding metagenome is available). 107 Therefore, the resulting data can help determine the taxonomic uniqueness of a queried genome, 108 its relative in-situ abundance, and the extent of association with oiled samples based on existing 109 data. The taxonomic classification of reference or user-provided query genomes is performed by 110
MiGA as described previously based on the ANI/AAI concept 14 . Incorporation of embedded 111 GIS-based "layers" as part of the metadata description of each reference MAG provides an 112 interactive interface that enables filtering based on criteria including location, habitat, taxonomy, The reference database consists of 2021 MAGs and SAGs, 1864 of which are of high 120 quality (i.e., >75% completeness, <5% contamination) that were previously made available or 121 were recovered from available metagenomes using established assembly and binning 122 techniques 15 as part of this study. For the latter, an iterative binning methodology 16 was 123 employed in certain cases where multiple metagenomes from a time or spatial series were 124 available to recover additional high quality MAGs (mainly for the DWH impacted sediments); 125 otherwise individual metagenomes were assembled and binned. The MAGs are grouped into 126 species-like clusters based on the 95% genome-aggregate average nucleotide identity (gANI) 127 threshold as recommended previously and implemented in MiGA 17 , and only one representative 128 genome for each cluster is used when a genome is queried against the database in order to reduce 129 the CPU demand. A total of 1536 unique clusters (inter-cluster ANI < 95%) were recovered 130 among these MAGs, including 22 clades with 5 or more members, thus revealing extensive 131 species diversity for microbial taxa associated with oiled environments. Cultured taxa were 132 observed in (only) 4.25% of all the recovered 95% ANI clusters (Fig. 2 ). The 2021 MAGs were 133 assignable to 63 different bacterial and archaeal phyla based on genome-aggregate amino acid 134 identity (gAAI) values ( Fig. 3) , with over 40 of them affiliated with Candidate Phyla Radiation 135 (CPR) as well as the newly described Asgard superphylum 18, 19 . Recent studies have shown that 136
Asgard archaea have the metabolic potential to carry out the anaerobic oxidation of short chain 137 hydrocarbons 18 . Moreover, notably, nearly 45% of the DWH MAGs had AAI values between 138 40-50% to the closest described species with available (isolate) genome(s), which represents at 139 the least novel families 14 and further underscores the novel microbial diversity that exists in 140 these oiled niches. 141
142
The universal gene phylogeny revealed a strong ecological niche specialization for the 143 majority of the MAGs and rather limited geographical distribution with a few exceptions. For 144 instance, 82 % of the high quality DWH MAGs and SAGs were strictly associated with specific 145 habitats of the Gulf, i.e., deep sea surface and subsurface sediments, deep sea oil plume or 146 sediments and surface residue balls (or SRBs) recovered from coastal ecosystems, and they 147 rarely crossed between these distinct habitats. Interestingly, at the 95% ANI (or species level), 148 lab incubation studies that aimed to mimic the in-situ conditions after the DWH spill shared 149 between ~18% and over 60% of the MAGs recovered from in-situ samples for the deep-sea 150 plume 20 and coastal beach sands 13 , respectively, which represents a much higher fraction 151 compared to similar laboratory incubations for other microbial processes 21, 22 . At higher 152 taxonomic levels (i.e., genus or higher), more overlap was observed between the lab simulations 153 and respective field data (>80% overlap at the genus level) as well as between distinct habitats 154 (~30% overlap) affected by the DWH spill. was used as the threshold to determine presence vs. absence of a MAG in the metagenome. Note 180 that non-zero TAD80 corresponds to at least 10% sequencing breadth, corresponding to a 181 confident detection (presence) at species-level resolution (ANI ≥ 95%) as suggested previously 182 24 . This abundance information is also available through GROS for the reference MAGs of each 183 95% ANI cluster. In general, MAGs showed strong biogeography with the notable exception of 184 the deep-sea oil plume and sea floor MAGs that showed broad distribution across geographic 185 distances, even at the species level. More specifically, ~16% and ~17% of the MAGs recovered 186 from the deep-sea oil plume and sediments belonging primarily to class Deltaproteobacteria and 187
Dehalococcoidia were detected (i.e., same species) in the metagenomes recovered from the 188 natural seeps (GoM, Santa Barbara Channel, Guaymas Basin) and seawater in the vicinity of oil impacted by the oil spill were not detected in the TARA ocean datasets (rare biosphere) but were 201 found in low abundances in the metagenomes from the uncontaminated water column in the 202 GoM. Collectively, these results could indicate that certain populations respond to oiling, i.e., 203 increase from undetectable or low abundance to represent a substantial faction of the microbial 204 community, typically >0.5-1% of the total upon oiling and are part of the rare biosphere in 205 uncontaminated sites, but tend to be more abundant in the GoM due to abundant natural seeps in 206 this region. In other words, the GoM appears to be more "primed" for crude-oil biodegradation 207 based on our preliminary data. 208
209
In contrast to the strong biogeographical patterns largely observed at the individual MAG 210 level, functional annotation of the metagenome reads and the MAGs associated with DWH 211 impacted regions showed much less separation by habitat at hierarchical or subsystem levels 212 (Suppl. Fig. 1A) , i.e. specific functions did not show biogeographical or habitat-specific 213 associations but the genomes that encoded them did. At a 95% ANI (or 95% nucleotide identity 214 for individual genes), the DWH MAGs were grouped into 195 unique clusters whose MAG 215 composition was highly dependent on the source habitat of the MAGs. However, when the 216 proteins predicted from these MAGs were clustered at a 40% amino acid identity (subsystem 217 level classification), no such clear clustering pattern was observed (Suppl. Fig. 1A, B ). Moreover, 218 the proteins involved in oil degradation (specifically, alkane monooxygenase as well as ring-219 hydroxylating dioxygenases involved in degradation of the aromatic hydrocarbons) did not show 220 habitat preference indicating that these functions may have moved horizontally in the recent or 221 more distant past between habitats (Suppl. Fig. 1A, 1C ). Incomplete lineage sorting and 222 secondary gene losses could also be other possible mechanisms underlying this observed pattern 223 26 . To expand this dataset, data from all publicly available crude-or refined-oil contaminated 246 ecosystems including, but not restricted to, natural oil seeps, petroleum reservoirs, coal fields, 247 hydrocarbon contaminated sites, and methane gas vents were also included. All metagenomes 248 and MAGs and SAGs were obtained from the NCBI or MG-RAST databases 28 . Details on the 249 data sources are provided in Supplemental Table 1 . 250 251
Quality Control and Trimming 252
The raw metagenome reads from the publicly available data (single or paired end) were trimmed 253 using Trimmomatic (dynamic trim option) 29 and quality checked using the SolexaQA 30 package 254 with a cutoff of Q>20 (>99% accuracy per base-position) and a minimum trimmed length of 50 255 bp. For certain metagenome datasets that had shorter average sequencing read lengths (~75 bp), a 256 minimum read length of 30 bp was used as the threshold. 257 258
Assembly and Binning 259
Assembly and binning were carried out for the metagenomes that did not have associated MAG 260 data publicly available. Assembly (or co-assembly for metagenomes similar in composition) for 261 the single-cell and metagenomic datasets was performed using IDBA-UD with default 262 parameters unless otherwise noted 31 and only contigs >1000 bp were retained for binning. For 263 time-or spatial-series metagenomic datasets (mainly sediment samples), an iterative subtractive 264 binning pipeline was employed to enhance recovery of high-quality MAGs. In order to determine 265 which of the metagenome sample sets could be co-assembled for the iterative binning, MASH, a 266 tool employing the MinHash dimensionality reduction technique 32 was used to evaluate the 267 pairwise distances between the metagenomic datasets. The resulting distance matrix was then 268 visualized using NMDS (non-metric multidimensional scaling) plots. A combination of MASH 269 distances and a Markov Cluster Algorithm (MCL) using the script "ogs.mcl.rb" from the 270 Enveomics toolkit 33 that identifies Orthology Groups (OGs) in Reciprocal Best Matches (RBM), 271 was employed to evaluate the samples that could be pooled together for co-assembly; samples 272
with distance values below 0.1 were co-assembled. For the sediment metagenome samples 273 alone, the paired end reads were merged using PEAR 34 with -p 0.0001 setting. The resulting 274 reads (non-merged forward, non-merged reverse and merged) were combined and quality 275 trimmed as described in the earlier section and sequences less than 70 bp were discarded. IDBA-276 UD with the following parameters: --long, --mink 25, maxk 121, --step 4 was used to assemble 277 the resulting reads. These parameters provided longer contigs as well as improved recovery rates 278 of MAGs from these environments. Contamination < 5%, and medium quality MAGs were defined by Completeness >50% and 285
Contamination > 10%. To determine redundancy of the MAGs (when multiple methods were 286 used to recover MAGs, MAGs were de-replicated using a 95% ANI level over at least 20% of 287 the genome using FastANI v1.1 37 . 288 289
Spatio-temporal abundance distribution of DWH impacted MAGs 290
In order to assess the biogeography of the DWH impacted MAGs within and across habitats, the 291 short reads from contaminated or non-contaminated metagenomes were mapped onto the MAGs. 292
For this, the MAG sequences were initially tagged and combined into a single Bowtie 2 database 293 38 . The metagenomic reads were then mapped onto this database using a competitive search 294 using Bowtie 2. The 80% central truncated average of the sequencing depth or the TAD80 value 295 was estimated for the mapped metagenome reads as described elsewhere 16 . The estimated 296 sequencing depth was normalized using the sequencing depth of a single-copy gene rpoB as 297 described in Tsementzi et al. 2019 16 , which provide the normalzied relative in-situ abundance 298 estimate across datasets. Normalized MAG abundances were visualized using a Heatmap 299 generated using the heatmap3 package in R (v3.4.0) 39 . 300 301
Taxonomic and functional annotation of MAGs 302
Genes were predicted for the MAGs using MetaGeneMark 40 and annotated using the curated 303
SwissProt database as described elsewhere 41 . The resulting annotations were filtered by their 304 amino acid identity and alignment score and bitscore using as a minimum match >= 40% AAI, 305 >= 70% alignment length, bitscore >= 60. The SwissProt database identifiers were mapped to 306 their corresponding metabolic function based on the hierarchical classification subsystems (Level 307 1 of the SEED subsystem category) 42 in order to provide broad functional category information. 308
Genes relevant to oil biodegradation were manually verified. Heatmaps depicting the functional 309 gene content across samples were generated using the heatmap3 package in R (v3.4.0). The 310
MAGs were taxonomically characterized based on whole genome AAI and ANI comparisons 311 against the NCBI prokaryotic database using MiGA 14 . 312 313
Whole genome phylogeny of the oil-associated MAGs and SAGs 314
Genes were predicted for all of the 1864 high quality MAGs recovered from crude-oil 315 contaminated environments using Prodigal v2.6.1 43 . Only the MAGs with over 75% 316 completeness were used in the whole-genome phylogeny reconstruction. A set of 106 universally 317 present "marker genes" were identified in these MAGs using the script 'HMM.essential.rb' 318 available as a part of the enveomics toolkit. The resulting reads were then aligned using Clustal 319 Omega v1.2.1 and concatenated using the script 'Aln.cat.rb', which removes any invariable sites. 320
The phylogenetic tree was constructed using RaxML using the PROTGAMMAAUTO option 321 (1000 bootstraps). The resulting tree was visualized using iTOL 44 . absence of a MAG in a metagenomic dataset (y-axis) is indicated in black color. S1-S4 represent lab simulation or enrichment data; uncontaminated water column samples were also included for comparison. Note the minimal overlap that occurs between habitats with the exception of the deep-sea sediment and plume. Substantial overlap also exists between the beach sand and SRB communities. B. Distribution of AAI values between the DWH associated MAGs and their closest described relative in the public databases showing that ~50% of the MAGs represent novel family or higher taxonomic ranks (e.g., best match AAI <50%). C. Proportion of reads from the metagenomic datasets mapping to isolate genomes of oil degraders showing that less than 5% of the reads mapped to these genomes. The notable exception is beach sands and SRBs where the recently described isolate "Ca. Macondimonas" made up >25% of the total community after the oil spill. The relative abundance for each dataset was normalized by their corresponding 
